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Introduction
Small animal species (e.g. mouse) have a faster heart rate than large animal species (e.g. human). A typical heart rate for a human is ~72 beats per minutes (bpm). A rabbit has a heart rate of ~205 bpm. A rat has a heart rate of ~420 bpm. A mouse has a heart rate of ~670 bpm. Although, the size of the mammalian heart varies according to the size of the animal, its structure is the same. Therefore, what makes a small mammalian heart beat faster than a larger mammalian heart? The heart beat is initiated and controlled by an electrical impulse, the cardiac action potential. The action potential is initiated by the sinus node, the pacemaker of the heart. The action potential is generated by the movement of ions through transmembrane ion channels in cardiac cells. In the sinus node, the pacemaker potential (the main determinent of the heart rate) is the slow, positive increase of membrane potential that occurs in diastole between the end of one action potential and the beginning of next action potential ( Figure 1A ). It is also called diastolic depolarization. Figure 1B shows the main inward ionic currents (If, INaCa, ICa,L and ICa,T) responsible for the diastolic depolarization.
In this study, we investigated heart rate control from the functional level to the gene level in human, rabbit, rat and mouse using a 'meta-analysis' approach.
2.

Methods
We have collected and reviewed literature about the sinus node cell action potential, as well as expression of ion channels.
2.1.
Comparison of sinus node cell action potentials in human, rabbit, rat and mouse We have reviewed studies reporting the action potential characteristics of single sinus node cells isolated from human, rabbit, rat and mouse. There is only one study on human sinus node cells [1] . Figure 2 shows examples of spontaneous action potentials of isolated sinus node cells from human, rabbit, rat and mouse. Figure 3 compares the cycle length (time between spontaneous action potentials), action potential duration at 50% repolarization (APD50), action potential overshoot (OS) and maximum diastolic depolarization (MDP) of sinus node cells from the four species. It shows clearly that, the bigger the size of the mammal, the longer the cycle length and action potential duration ( Figure 3A ,B). However, the action potential overshoot and maximum diastolic potential show no substantial species differences ( Figure 3C ). We have reviewed studies reporting recordings from single sinus node cells of inward currents (If, INaCa, ICa,L and ICa,T) known to flow during diastolic depolarization. Q10 was used to correct temperature differences among studies. Funny current (If) density is higher in the rabbit (~3.3 times) and mouse (~5 times) than in the human ( Figure 4A ). However, Na + -Ca 2+ exchange current (INaCa) density is similar in the rabbit and mouse ( Figure 4B ). Although the L-type Ca 2+ current (ICa,L) density is similar in the rabbit, rat and mouse ( Figure 4C ), T-type Ca 2+ current (ICa,T) density is higher in the mouse (~2×) than in the rabbit ( Figure 4D ).
Comparison of ionic currents (If
Comparison of the channel mRNA expression in the sinus node of human, rabbit, rat and mouse
We have collected data (from quantitative PCR, qPCR) on ion channel mRNA expression in the sinus node for the four species from different research groups (Table 1) .
To compare data, we either normalised to the Nav1.5 mRNA level in atrial muscle (we assumed that the Nav1.5 mRNA level in atrial muscle is the same in the four species) or the Cav1.2 mRNA level in the sinus node (we assumed that the Cav1.2 mRNA level in the sinus node is the same in the four species). Although different housekeeper genes were used (18S, 28S, HPRT), comparison of different data sets on the same tissue but with different housekeeper genes suggests that this is unimportant. Cav 1~3 and Cav 4 showed little species differences. Figure 7A ,B shows the comparison of the expression level of the molecules (Cav3.1 and NCX2) responsible for the T-type Ca 2+ current (ICa,T) and Na + -Ca 2+ exchange current (INaCa) in the sinus nodes of the small mammals and human. Cav3.1 expression in rat and mouse sinus node is substantially higher than in human sinus node, but there is little or no difference between rabbit and human. NCX1 expression in rabbit sinus node is substantially higher than in human sinus node, but there is little or no difference between rat and human, and mouse and human. Figure 7C ,D shows the comparison of the expression level of Ca 2+ -handling molecules (Serca2a and RYR2) responsible for sarcoplasmic reticulum Ca 2+ uptake and Ca 2+ release in the sinus nodes of the small mammals and human. The Serca2a expression in rabbit, rat and mouse sinus nodes is substantially higher than in human sinus node. The RYR2 expression in rat and mouse sinus nodes is higher than in human sinus node, but there is little or no difference between rabbit and human sinus nodes. Figure 7 . A and B, the ratio of expression level of Cav3.1 (responsible for ICa,T) and NCX1 (responsible for INaCa) in the sinus node of rabbit, rat and mouse to human. A, expression normalised to the Nav1.5 mRNA level (in atrial muscle). B, expression normalised to the Cav1.2 mRNA level (in sinus node). C and D, the ratio of expression level of Serca2a (responsible for sarcoplasmic reticulum Ca 2+ uptake) and RYR2 (responsible for sarcoplasmic reticulum Ca 2+ release) in the sinus node of rabbit, rat and mouse to human. C, expression normalised to the Nav1.5 mRNA level (in atrial muscle). D, expression normalised to the Cav1.2 mRNA level (in sinus node). Dotted line is the line of no difference (ratio=1).
Discussion and conclusion
Funny current (If) is an important pacemaker current. The data on If density and the underlying ion channel (HCN) expression indicate that If is larger in mouse sinus node than human sinus node ( Figures 4A and 5) . If is ~5× higher in mouse than in human. HCN1~4 are ~18×, ~26×, ~21× and~7× higher in mouse than in human. The densities of the L-type Ca 2+ current and Na + -Ca 2+ exchange current (ICa,L and INaCa) are not available for human sinus node. However, the data from animal experiments (both for current densities and expression) suggest that there are no significant differences ( Figures  4B,C, 6 , and 7A,B). The T-type Ca 2+ current (ICa,T) also plays a role in pacemaking. The density of ICa,T and the underlying Cav3.1 expression are higher in mouse sinus node than in rabbit sinus node ( Figures 4D and 7A,B) . In addition, Cav3.1 expression is ~16× higher in mouse sinus node than in human sinus node ( Figure 7A ). Intracellular Ca 2+ plays a role in pacemaking (the so-called 'Ca 2+
clock') and the expression of the Ca 2+ -handling molecules, Serca2a and RYR2, is~70× and ~6× higher in mouse sinus node than in human sinus node ( Figure 7C) .
We conclude that the mouse heart rate is faster than that of the human, because in the sinus node the molecules responsible for If, ICa,T and intracellular Ca 2+ -handling are more highly expressed in mouse.
Limitation
The data collected are from studies from different groups, and the experimental conditions and the age of animals used were different. The number of studies is limited in some cases. For example, there is only one experimental study concerning If in the human sinus node cell [1] . We analysed data on ion channel expression using two normalisation methods. The assumptions underlying these two methods have not been validated.
